The generation of liquid droplets at the exits of multiple capillaries coupled to a single flow source is evaluated for application to multiplexed microfluidic contact spotting. Using a simple analytic model and an iterative numerical model, relationships between applied flow rates and the number of channels which produce full droplets at their exits are determined for arbitrarily large arrays. Experimental validation is performed using eight-channel arrays fabricated in cyclic olefin copolymer chips, with good agreement between experimental and predicted data. Improvements in spotting repeatability and uniformity are achieved for microchannel arrays containing in situ porous methacrylate monoliths, particularly for individual channel flow rates below 1 µL min −1 , revealing contact spotting as an appropriate interface between multiplexed microfluidic liquid chromatography and off-chip analysis.
Introduction
Microanalytical systems employing arrays of parallel capillaries or microchannels are attractive platforms due to their ability to simultaneously perform multiple functions, enabling high analytical throughput in a single integrated chip. In such multiplexed systems there is often a need to deposit fluid from the on-chip microchannel arrays to secondary off-chip surfaces. For example, non-contact deposition from parallel microchannels has been demonstrated as an effective method for microarray preparation, using a pressuredriven flow source actuated by a piezoelectric membrane [1, 2] . Parallel microchannel arrays have also been widely demonstrated for genomics and proteomics applications involving on-chip analyses. Examples include spatially multiplexed separations performed by zone electrophoresis [3] [4] [5] , gel electrophoresis [6, 7] and isoelectric focusing [7, 8] . While these microfluidic systems typically employ onchip detection, several groups have investigated techniques for coupling multiplexed microchannels with off-chip laser desorption/ionization mass spectrometry (LDI-MS) to provide sufficient mass resolution for accurate determination of constituent molecules within complex samples. In LDI-MS, analyte is eluted from the microfluidic chip and deposited onto a target plate which may be interrogated off-line, typically using a time-of-flight MS instrument. Chip-based LDI-MS target deposition by multichannel electrospray [9] and pulsed electric-field techniques [10] have been reported, with the latter technique shown to be effective for coupling two parallel reversed-phase liquid chromatography channels fabricated in a cyclic olefin copolymer (COC) microfluidic chip with matrixassisted LDI-MS.
A more direct method for depositing analyte from multiplexed microfluidic chips is contact spotting. Spotting is commonly employed in capillary-based analytical tools, with numerous commercial systems available for coupling single liquid chromatography capillaries with LDI-MS targets [11] . The commercial use of hydrodynamic spotting is driven by several advantages of this simple technique. Unlike electrospray and pulsed electric-field deposition, spotting does not require high-voltage power supplies or switching electronics, relying only on bulk solution flow and differential surface tension to transfer defined droplet volumes to the target surface. Because electric fields are not involved, on-chip potentials need not be controlled, allowing flexibility when electrokinetic methods are employed to manipulate or separate analyte molecules prior to deposition. In addition, positioning of aqueous droplets on the target surface can be controlled by employing hydrophilic regions which anchor the droplets to predetermined locations [12] , eliminating variances in sample spots positioning which may occur due to drift or other errors in automated positioning systems.
Multi-capillary spotting systems generally provide for independent control of flow within each channel. For example, microchannel platforms designed for protein array contact spotting have been reported with fluid delivery from individual reservoirs driven by independent surface tension gradients within each channel [13, 14] . In many cases, it is desirable to drive solution through all parallel channels from a single flow source, e.g. for field-deployable platforms where reductions in system size and power requirements are essential, and for benchtop instruments where cost and complexity can be important factors. A key challenge in the development of such multichannel spotting systems is the need to maintain consistent droplet volumes from each channel over a wide range of solvent conditions and flow rates. Poor repeatability can result from the interconnected nature of the flow network, since deviations in the bulk flow rate within one channel will affect all other channels connected to the common flow source. At lower flow rates it is possible for dry-out conditions to occur, with a subset of channels becoming entirely unable to generate droplets.
In the present paper, the process of droplet formation within multichannel arrays is modeled, yielding a predictive tool for evaluating droplet generation from an arbitrarily large array of flow channels coupled to a common flow source. Experimental validation of the model is achieved using microfluidic chips fabricated from cyclic olefin copolymer (COC). The choice of COC was driven by its potential for low-cost disposable applications, together with its excellent optical transparency and solvent resistance which make COC an excellent material for a wide range of bioanalytical applications [15, 16] .
Experimental details

Materials and reagents
Cyclic olefin copolymer (COC) sheets, Zeonor 1020 R, were purchased from Zeon Chemicals (Louisville, KY). Teflon AF solution was purchased from DuPont Fluoroproducts (Wilmington, DE). 2,2-Dimethoxy-2-phenyl acetophenone (DMPAP), butyl methacrylate (BuMA), methyl methacrylate (MMA), ethylene glycol dimethacrylate (EGDMA), 1-dodecanol and cyclohexanol were purchased from SigmaAldrich (St Louis, MO). Reagent-grade 2-propanol and methanol were acquired from Fisher Scientific (Pittsburgh, PA), and cyclohexane was purchased from J T Baker (Phillipsburg, NJ).
Spotting chip fabrication
The eight-channel chip design used in this work, shown in figure 1(a) , consists of a symmetric three-stage splitter connecting a single input port to an array of eight parallel microchannels. Each channel is nominally 100 µm wide and 44 µm deep, with 2 mm spacing between adjacent channels. Geometric variances of less than 1.5% were measured across all channels prior to chip bonding. The overall microchannel network is 5 cm long from input port to spotting tips. The microchannels were imprinted into a 2 mm thick COC sheet by hot embossing from a deep reactive-ion etched (DRIE) silicon template. In this process, a 2.5 cm × 7.5 cm COC plate was rinsed with 2-propanol (IPA) and DI water, dried with N 2 , and dehydrated in a vacuum oven at 85
• C for 2 h, followed by hot embossing using a commercial hydraulic hot press (AutoFour/15; Carver, Wabash, IN). The press platens were preheated to 125
• C, followed by application of a fixed pressure of 2.0 MPa. After 10 min, pressure was released, the platens were cooled to 95
• C and the imprinted COC plate was removed from the template.
The imprinted substrate was solvent bonded to a second COC plate pre-drilled with a 0.65 mm diameter reservoir hole using a precision CNC milling machine (MDX-650; Roland ASD, Lake Forest, CA). A small volume of cyclohexane was placed in a glass beaker and the pre-drilled COC plate was fixed on a glass cover which sealed the beaker. After 5.5 min of cyclohexane vapor deposition at room temperature, the COC substrates were aligned and bonded at 3.5 MPa for 10 min in the hot press at room temperature.
After bonding, the chip was cut to expose the fluid exits using a semiconductor wafer dicing saw (DAD321; Disco HiTec America, Santa Clara, CA). A film of Teflon AF was coated on the tip exit surfaces by blotting from a glass slide, followed by heating at 85
• C for 2 h to densify the Teflon AF layer. This film ensured a hydrophobic exit surface, preventing droplets from wetting the chip outlet during spotting.
Finally, a 25.4 mm long section of 22 gauge bluntend stainless steel needle stock (Hamilton, Reno, UT) was inserted into the 0.65 mm diameter pre-drilled reservoir on the COC chip and connected with a capillary fitting (Upchurch Scientific, Oak Harbor, WA) to produce a low dead-volume and leak-proof interconnect. Figure 1 (a) shows an eight-channel chip fabricated using this process. The micrograph of a typical spotting channel exit shown in figure 1(b) reveals only minimal distortion of the channel exit during chip bonding and dicing.
Monolith fabrication
For chips tested with methacrylate monoliths integrated into the channels, the COC microchannel walls were modified by first filling the channels with a solution of EGDMA and MMA (1:1 w/w). After 6 h, the mixture was purged with N 2 , followed by injection of a monomer mixture consisting of BuMA, EGDMA, 1-dodecanol, cyclohexanol and DMPAP (24:16:50:10:1 by weight). The chip was covered with a patterned quartz mask which left a 6 mm long section near the microchannel ends optically exposed. The chip was irradiated for 10 min using a collimated UV source (PRX-1000; Tamarack, Corona, CA). After UV polymerization, the unreacted monomer mixture within the masked region of the chip was washed with methanol at 100 nL min −1 for 12 h. 
Results and discussion
To better understand the parameters which affect droplet formation in microchannel spotting arrays, a model describing the formation process was developed and used to evaluate the critical parameters which affect spotting performance. Assuming laminar flow of an incompressible fluid, the HagenPoiseuille equation dictates the flow rate, Q, in any given channel as
where Z f is the hydraulic flow resistance, P h is the pressure applied at the channel inlet to generate hydrodynamic flow and P c is the capillary pressure resulting from surface tension of the liquid/air interface at the capillary outlet. The capillary pressure is defined as
In this expression, σ is the surface tension of the liquid and R is the radius of curvature of the droplet surface, which in turn is a function of boundary constraints including local geometry and contact angle of the liquid with the microchannel walls. For flow with the free liquid surface entirely within a given microchannel, R possesses a nominal value R o which can be defined in terms of the effective hydraulic radius of the channel, r h , as
where θ is the complementary angle to the contact angle for liquid on the microchannel wall. The flow resistance in (1) can be expressed in terms of the viscosity, η, channel length, L, and hydraulic radius as
To simplify the analysis, the rectangular microchannels used in this study were approximated as circular cross-section channels with effective hydraulic radii given by [17] 
where w and h represent the channel width and height, respectively. As liquid is pumped out of the channel exit, R undergoes a significant transition due to the varying boundary conditions, which can strongly affect the ability to generate uniform spotting droplets. Referring to figure 2, consider a single microchannel with a circular cross section. As liquid is pumped along the microchannel (a), R remains constant until the free liquid interface reaches the end of the channel (b). Assuming that the exit surface is sufficiently hydrophobic to prevent immediate wetting, the radius of curvature of the liquid/air interface rapidly drops as the volume of liquid outside the channel increases, until R reaches a minimum value of R x (c). At this point, R is coincident with the hydraulic radius of the channel, i.e. R x = r h .
As the liquid volume outside the channel continues to grow, there is an associated increase in the radius of curvature for the emerging droplet. The edges of the droplet remain pinned at the circumference of the channel exit, until the tangent angle between the droplet and the chip surface equals the native contact angle of the exit surface itself (d). Once this occurs, it becomes energetically favorable for the droplet to begin wetting the surface, rather than remaining pinned at the channel exit. The contact angle remains constant for the remainder of the droplet formation process, while the radius of curvature continues to grow. If a sufficient fluid volume exits the channel, the increased R can result in lower capillary pressures than those initially found in the partially filled channel (e).
The sharp drop in R (and thus increase in P c ) observed in figure 2 when the free liquid surface becomes pinned by the discontinuity at the channel exit presents a large energy barrier for liquid exiting the chip. Consider the case of multiple channels coupled to a single inlet reservoir through a flow splitter, with a fixed overall flow rate imposed at the inlet. Due to slight variations in channel geometry, surface roughness, contact angle and related factors, liquid will not reach the end of all channels simultaneously, but rather will first exit from the channel with the lowest hydraulic resistance. As liquid reaches this first channel exit, further flow is resisted by the large and sudden jump in capillary pressure to a maximum value of P cx , corresponding to the capillary pressure when R = R x . Initially, this pressure jump results in a larger portion of the flow being delivered to other channels in the array, reducing variations between the positions of liquid fronts among the channels. However, sufficient flow will eventually occur within the first channel to gradually increase the droplet radius and reduce the associated capillary pressure. As P c drops, the applied pressure required to maintain the set flow rate is also reduced. In extreme cases, P c can become small enough that the applied pressure required to pump all liquid through the first wetting channel is lower than the maximum capillary pressure required for liquid to exit each of the remaining channels. In this event, a droplet is formed only at the first channel exit. This issue is more problematic as the overall flow rate is reduced. At low Q, the applied pressure required to generate the entire flow through a subset of channels within the array becomes relatively small. If the required pressure is less than the maximum capillary pressure, any channel which has not already overcome the energy barrier will never form a droplet and thus experiences dry-out conditions.
Analytic droplet formation model
A simplified model of the process described in figure 2 can be derived by applying (1) to each individual channel, with the total flow rate given by the sum of individual flow rates, Q i , within each channel, i.e.,
In this expression, n is the total number of channels in the array, P ci is the capillary pressure within the ith channel, and it is assumed that the hydraulic resistance for all channels is equal to Z f . While not strictly true for real-world systems, this latter assumption is reasonable when variations in channel dimensions are minimal, and when differences between fluid front locations are small compared with the overall channel length. Assuming that liquid has overcome the energy barrier within only m channels, each with an instantaneous capillary pressure equal to some nominal value P co , while forward flow within the remaining n − m channels is prevented due to the maximum capillary pressure, P cx , then (6) can be solved for the hydrodynamic pressure P h required to generate the total imposed flow Q as
which can then be solved for m, providing an estimate for the number of channels which generate full droplets:
In (8), Q d is the desired flow rate in each individual channel. The actual value of P co depends on the volume of liquid which has exited the wetting channels, with possible values ranging between P cx (just after reaching the minimum droplet radius) and zero (in the limit as an infinite volume is ejected from each wetting channel). In practice, variations in P co occur due to different times of arrival of the liquid fronts at the channel exits during the initial filling of the channels. Differences can also arise from variations in the amount of liquid removed from the channels as droplets are transferred to another surface, for example in the case of contact spotting onto a secondary substrate.
While the actual value of P co must be determined experimentally, behavior at the limits can be readily evaluated. The minimum required flow rate per channel to ensure that all channels develop full droplets (m = n) can be found from (8):
When P co → P cx , all channels are on the verge of overcoming the capillary pressure imposed by the reduction in droplet radius, and a vanishingly small flow per channel (Q d,min → 0) is required to ensure full droplet generation from all channels in the array. The limit as P co → 0 defines the maximum flow rate needed to ensure droplet formation on all channels:
As revealed by (9), the required flow rate for intermediate values of P co between zero and P cx can be interpolated between zero and Q d,max .
Iterative numerical droplet formation model
Equation (8) provides a prediction for the number of channels, m, which have overcome the energy barrier defined by the minimum radius of curvature for the emergent droplet. It was assumed that liquid exiting from all m channels possessed equal radii of curvature. This assumption ignores the likelihood that droplets will emerge at slightly different times from each channel, resulting in differences in R among the droplets. A more precise model which takes this variability into account can be developed from analytic expressions of the droplet volume and radius at each stage of the process depicted in figure 2 , with R derived as a function of volumetric liquid displacement and local channel geometry. An iterative numerical simulation based on this approach was implemented in MatLab (MathWorks, Natick, MA) to determine the behavior of the process for an arbitrary number of microchannels connected symmetrically to a single flow source. At each time step, the local radius of curvature is determined for fluid within each channel, with the resulting capillary pressure from (2) used to find the instantaneous flow rate within each coupled channel using (1). The flow rates are then employed during the next time step to determine the pumped volume within each channel, thereby defining the initial fluid positions and interfacial radii of curvature for the next time step.
The developed code was applied to the eight-channel chip shown in figure 1. Sessile water contact angles were determined for the embossed COC surface (94 • ) and the Teflon AF coated exit surfaces (105 • ) using a goniometer (Cam Plus Micro; Tantec Inc., Schaumburg, IL) to provide accurate measurements of the surface tension for each surface. Experimental variations in liquid fronts during chip filling were found to occur with a Gaussian distribution, with a standard deviation of 3.99 mm. Random perturbations in the initial liquid positions were applied within the MatLab code to ensure that the simulation reflected these realistic initial conditions. Output from a typical simulation for the eight-channel chip design showing the interfacial liquid radius of curvature versus pumped volume within each channel is provided in figure 3(a) . The corresponding plot of droplet volume versus time is shown in figure 3(b) . The simulation was run with a total applied flow rate of 8.0 µL min −1 or a desired flow rate per channel of
. In this particular simulation, channels 4 and 6 were unable to form droplets.
A plot comparing the iterative model with experimental measurements from an eight-channel chip is shown in figure 4 . The experimental measurements were performed using a syringe pump (PHD2000; Harvard Apparatus, Holliston, MA) to deliver DI water through the flow splitter over a range of flow rates from 0.1 to 2.2 µL min −1 per channel. Error bars indicate standard deviations across ten measurements for both experimental and simulated data at each applied flow rate. It can be seen that the iterative model provides a good prediction for the minimum flow rate which can be applied before incomplete droplet formation occurs. While there is some deviation in the predicted number of active channels at lower flow rates, the experimental results closely follow the modeled trends. The dashed line in the plot indicates the number of active channels, m, determined from (8) when P co = 0. This line represents the lower limit in the number of active channels at each flow rate. Overall, the results reveal the iterative model as a useful predictive tool for evaluating the number of active channels for any given initial conditions, while the simpler analytic model provides a conservative estimate for acceptable flow rates to ensure that all channels within the array are operational.
Integrated monoliths for enhanced droplet formation
One solution for ensuring droplet formation on each channel in a multiplexed array would be to use a defined pressure, rather than a set flow rate, to drive liquid through the channels. In this approach, time-varying capillary forces within one channel would not affect flow within other coupled channels since the applied pressure is independent of these forces. However, there are several practical challenges for pressurebased control of multiplexed contact spotting. For many spotting applications, precise control over droplet volume is required. Under pressure control, errors in channel geometry and hydraulic resistance will directly result in errors in flow rate and droplet volume. These errors are not as significant for the case of flow rate control since the hydrodynamic barriers at the channels' exits introduce a feedback mechanism which tends to reduce initial variations in liquid fronts among the channels. In addition, dynamic control of fluid back-pressure can be more challenging than flow rate control due to the need for an integrated force sensor and attendant control electronics and may be impractical for some applications. Another approach for improving spotting uniformity is to increase the hydrodynamic flow resistance, Z f , within each channel. As Z f increases, the applied pressure required to drive the fluid at a desired flow rate must also increase, thereby reducing the relative impact of variations in the capillary pressure. Hydrodynamic flow resistance may be increased by lengthening the microchannels or by reducing the channel cross-sectional dimensions. The latter approach is particularly effective, since a smaller effective channel radius produces a large increase in hydrodynamic resistance Z f ∝ r h . Since the flow rate limit is proportional to P cx /Z f , from (10), the limit scales with r −3 h , resulting in a substantial net improvement in spotting uniformity as the hydraulic radius is reduced.
Rather than changing the microchannel dimensions, the hydraulic resistance may instead be increased by integrating a porous medium into the channels. For example, microchannels used for liquid chromatography (LC) typically employ a porous stationary phase consisting of silica beads with diameters on the order of 5-10 µm. When packed into a channel, flow resistance is substantially increased. As an alternative to silica beads, porous monolithic materials are gaining increasing interest as stationary phases in both capillary and planar microfluidic LC systems. Following a methacrylate monolith recipe reported by Frechet and coworkers [18] , a chip was fabricated with a 6 mm long monolith within each of the spotting channels in an eight-channel COC chip. The monolith was first tested in a single-channel chip, resulting in a measured permeability of κ = 5.37 × 10 −15 m 2 . From Darcy's law [19] , the effective hydraulic resistance for a monolith-filled channel is given by
Comparing equations (4) and (11), together with (1), the monolith-filled channels in the test chip require an applied pressure >10 4 times higher to generate flow rates equivalent to the unfilled channels. As a result, the microchannel arrays containing monoliths could be consistently operated at flow rates as low as 100 nL min −1 per channel (800 nL min
total flow rate), with droplet formation observed from all channels in the array. Lower flow rates were not measured, since evaporation of the exposed droplets limited the ability to collect reliable data.
To further demonstrate the effect of higher hydraulic resistance on droplet formation, a syringe pump was used to deliver water at a total flow rate of 12 µL min −1 through two chips: one with and one without the 6 mm long monoliths. A robotic system was used to generate a sequence of spotting events from each of the eight channels onto a stainless steel plate, with a 6 s interval between events for an anticipated droplet volume of 150 nL. As revealed in figure 5 , the average spotting volume between each of the eight channels varied substantially for the chip without monoliths, with a coefficient of variation (CV) up to 34.7% for multiple droplets from a single channel and up to 25.2% across all eight channels. In contrast, droplet volumes from the monolith-filled channels exhibited maximum CVs of only 12.9% and 7.0% from a single channel and across all channels, respectively. The formation of consistently smaller droplets from the center channels observed in figure 5 is believed to result from nonuniformities in the Teflon deposition process used to render the exit surface hydrophobic, leading to thinner Teflon AF films associated with slightly lower contact angles near the chip edges.
Conclusion
Direct contact spotting from multichannel chips represents a simple, robust and high throughput approach for transferring analyte from parallel on-chip operations to off-chip analysis, with potential applications including microarray spotting and LDI-MS target preparation. In this paper, the evolution of the liquid interfacial curvature during droplet formation was shown to produce a large increase in capillary pressure, presenting an associated energy barrier.
For a given multichannel chip driven by a single flow source, high flow rates provide sufficient back-pressure to ensure droplet formation at all channel exits, while lower flow rates can lead to large spotting volume variations and poor repeatability, and ultimately prohibit droplet generation from a subset of channels within the array. The presented models provide a set of practical design tools for determining the range of acceptable flow rates which can be supported using a given chip design. The models are particularly useful for microchannels containing free solutions. As flow path dimensions shrink to the sub-micron regime, e.g. through the fabrication of nanochannels or the integration of nano-porous media such as monoliths within micro-scale channels, the back-pressure required to drive useful flow rates within the channels increases significantly, reducing the impact of capillary pressure on flow rates within individual channels. In this case, the minimum sustainable flow rate becomes limited by droplet evaporation as fluid exits the chip.
